Summary Purpose Vorinostat (V) at levels >2.5 µM enhances chemotherapy in vitro. Yet the approved oral dose of 400 mg inconsistently achieves this level in patients. We developed an intermittent oral pulse-dose schedule of V to increase serum levels. We combined V with the cyclin dependent kinase inhibitor flavopiridol (F) which increases V-induced apoptosis. Experimental Design One week before combination treatment, V alone was given daily for 3d (cycle -1). Then V was given on d1-3 and d8-10, and F on d2 and d9, every 21-d. Due to neutropenia, this was modified to V on d1-3 and d15-17, and F on d2 and d16, every 28-d. Bolus and split-dose F schedules were studied. Results 34 patients were treated. On the 21-d schedule, the maximum tolerated dose (MTD) was V 600 mg/d and F 60 mg/m 2 bolus. On the 28-d schedule, the MTD was V 800 mg/d and F 30 mg/m 2 over 30 min and 30 mg/m 2 over 4 h. V C max at the 800 mg dose was 4.8 µM (± 2.8). V C max ≥2.5 µM was achieved in 86% of patients at the MTD. F increased the C max of V by 27% (95% CI 11%-43%). F C max of ≥2 µM was achieved in 90% of patients. 8 patients had stable disease for on average 5.5 m (range 1.6-13.2 m). Conclusions Intermittent high dose oral V in combination with F is feasible and achieves target serum levels >2.5 µM. V concentrations higher than previously reported with oral dosing were achieved.
Introduction
Histone acetylation, a key element of transcription control, is regulated by histone acetyltransferase and histone deacetylase (HDAC) enzymes [1] [2] [3] . HDACs act on nucleosomal histones causing coiling of chromatin and silencing of genes implicated in the regulation of cell survival, proliferation, differentiation, and apoptosis [4] . HDACs are also involved in recruiting transcription factors to the promoter region of tumor suppressor genes and alter the acetylation cell cycle regulatory proteins [5] .
Because aberrant HDAC activity has been implicated in a variety of cancers, development of HDAC inhibitors is a rational approach to the anticancer therapy. Vorinostat (suberoylanilide hydroxamic acid; Zolinza) is a small molecule HDAC inhibitor that binds enzyme's active site [6] . Vorinostat was approved in 2006 by the U.S. Food and Drug Administration for the treatment of cutaneous T-cell lymphoma.
Preclinical data show that the vorinostat has in vitro activity against many different cancer types and also enhances the effect of agents such as cisplatin and gemcitabine [7, 8] . However, this potentiation generally occurs at vorinostat concentrations of >2 µM, which is inconsistently achieved in patients at the approved oral dose of 400 mg/d [9] .
Thus, we sought to develop an intermittent oral pulsedose schedule of vorinostat to increase serum drug levels. We combined vorinostat with the pan-cyclin dependent kinase inhibitor flavopiridol based on our pre-clinical data that sequential treatment with flavopiridol increases vorinostat-induced apoptosis [10] .
Flavopiridol (Alvocidib) is one of the first CDK inhibitors to enter clinical trials. It is a semi-synthetic alkaloid that inhibits CDKs including CDK1, CDK2, CDK4, and CDK6 [11] . It inhibits tumor cell growth in vitro through blockade of cell cycle progression at the G 1 -S or G 2 -M interfaces [12, 13] . Flavopiridol also represses gene transcription by inhibiting CDK9 and downregulating RNA polymerase II [14] .
Flavopiridol and vorinostat act synergistically in vitro to induce mitochondrial damage and apoptosis [15] [16] [17] . This is thought to be mediated by transcriptional downregulation of the antiapoptotic proteins MCL-1 and XIAP and disruption of NF-kappaB [18, 19] . Our preclinical data show that flavopiridol enhances vorinostat-induced apoptosis in a timeand sequence-dependent manner. In vitro synergy is seen only when vorinostat is given first, followed by flavopiridol. The effect is maximal when flavopiridol is given 24 h after vorinostat, and when vorinostat concentration is ≥2.5 μM [10] . This information was used to select the schedule and dose escalation strategy.
The primary objective of this trial was to determine the maximum tolerated dose (MTD) of intermittent pulse-dose oral vorinostat when administered in combination with flavopiridol in patients with advanced solid tumors. Secondary objectives were to investigate the clinical pharmacokinetics of vorinostat and flavopiridol, and to obtain preliminary data on the therapeutic activity of this regimen.
Patients and methods
Eligibility Patients ≥18 years of age with a diagnosis of pathologically confirmed measurable or evaluable advanced solid tumor, with disease that was refractory to standard therapy or for which there was no standard therapy, were eligible. Patients had to have an Eastern Cooperative Oncology Group (ECOG) Performance Status score of ≤ 2, a total white blood cell count ≥3,000/mm 3 , an absolute neutrophil count ≥1,500/mm 3 , a platelet count of ≥100,000/mm 3 , and adequate hepatic and renal function. Patients may have received prior chemotherapy (including HDAC inhibitors), immunotherapy, hormonal therapy, or radiotherapy, but 2 weeks from last dose had to elapse before study entry (6 weeks for nitrosoureas and mitomycin C). Patients with central nervous system metastases or a primary central nervous system neoplasm were not eligible.
The protocol was approved by the Institutional Review Board of each institution and all patients provided written informed consent.
Treatment plan
This was an open-label, non-randomized, dose escalation study to determine the MTD of vorinostat in combination with flavopiridol. The starting dose of intermittent pulse-dose vorinostat was based on earlier studies which determined that vorinostat can be safely given at 400 mg daily continuously [20] . Prior studies with flavopiridol have shown doses of 60-80 mg/m 2 to be safe and tolerable when combined with other agents [21] [22] [23] .
Groups of three to six patients were treated sequentially according to the dose escalation in Table 1 . One week before beginning combination therapy, vorinostat was administered daily by mouth for 3 days as a single agent (cycle -1). Combination treatment began with cycle 1. In part 1, vorinostat was initially given on days 1-3 and 8-10 of each 21-day cycle. Flavopiridol was administered by vein on day 2 and 9 of each cycle, following that day's dose of vorinostat. Dose escalation of vorinostat was initially performed with flavopiridol fixed at 60 mg/m 2 over 1 h. In part 2, a split-dose schedule of flavopiridol 30 mg/m 2 over 30 min followed by 30 mg/m 2 over 4 h was investigated. Due to dose-limiting neutropenia, the schedule was modified in part 3 to the following: vorinostat on days 1-3 and 15-17, and flavopiridol on day 2 and 16, of each 28-day cycle.
Because of concerns for tumor lysis syndrome with the split dose schedule, the day following therapy blood samples were obtained for creatinine, LDH, calcium, and phosphorous.
All treatments were administered in the outpatient setting and, once assigned to a dose level, intra-patient dose escalation was not permitted.
Toxicity was graded in accordance with the Common Toxicity Criteria version 3.0 [24] . Dose Limiting Toxicity (DLT) was defined as the occurrence of Grade 4 hematologic toxicity, Grade 3 or 4 non-hematologic toxicity including diarrhea despite antidiarrheal prophylaxis, or any delay in treatment resulting in fewer than 2 treatments in the first 3 weeks of a cycle. The MTD was defined as one level below the dose at which two or more of the patients experience DLT during the first cycle. Patients who experienced a DLT, or toxicity attributed to study medication, could continue to receive study treatment after recovery with appropriate dose modifications as defined per protocol.
To be evaluable for response and to be assessable for determination of MTD, patients had to have received at least one full cycle of therapy. Responses were evaluated after every two cycles with computed tomography scans or other diagnostic tests, as appropriate. Response Evaluation Criteria in Solid Tumors (RECIST) were used by an independent protocol radiologist [25] .
Drug supply Flavopiridol (also known as alvocidib) and vorinostat were supplied by Sanofi Aventis Pharmaceuticals and Merck & Co., Inc., respectively, through the National Cancer Institute, Cancer Therapy Evaluation Program, which supported the trial. Patients were treated at two centers: Memorial Sloan-Kettering Cancer Center (n=27) and Medical College of Virginia (n=7).
Statistical design
The main objective of this study was to determine the MTD of flavopiridol when administered in combination with vorinostat. Standard 3+3 design was used for dose escalation. The incidence of toxicities was summarized separately by flavopiridol cohort. Secondary analyses included pharmacokinetic analyses of vorinostat and of flavopiridol by non-compartmental methods.
Pharmacokinetics For each patient, blood samples for vorinostat pharmacokinetics were collected during cycle -1, day 2 (treatment with vorinostat alone), and during cycle 1, day 2 (first combination treatment). Blood was collected into tubes without anticoagulant before and 0.5, 1, 2, 2.5, 3, 4, 6.5, and 7 h after oral administration of vorinostat. The 2, 2.5, and 6.5 h time points corresponded with the beginning and end of flavopiridol bolus and infusion periods. Blood samples were allowed to clot at 4°C for 20-30 min and then centrifuged at 2,000 g for 15 min. Serum was stored at −70°C. Vorinostat concentration was measured by a validated liquid chromatography-electrospray ionization tandem mass spectrometry method [26] . Appropriate quality control samples were used. Area under the curve (AUC) from 0 to 7 h was calculated using a non-compartmental model.
During cycle 1, day 2, samples were also collected to determined flavopiridol pharmacokinetics. Flavopiridol was isolated from plasma by liquid-liquid phase extraction in a mixture of acetonitrile and methanol (4/1, v/v), followed by high-performance liquid chromatography and tandem mass spectrometry (Sciex API 4000, Applied Biosystems, Foster City, California) analysis using an electrospray ionization method in the positive ion mode.
Results
Patient characteristics From 3/15/06 to 1/15/09, 34 patients with advanced solid tumors were enrolled and treated. Table 2 lists the characteristics of these patients. Three patients did not complete a full cycle of treatment and are therefore not assessable for response.
The median age was 59 years (range: 31-85 years) and the median ECOG status was 1 (range: 0-1). There were 23 men and 11 women. The cancers treated and patient numbers were colorectal (10), sarcoma (7), prostate (3), biliary (2) , and others (12) . Patients were in general heavily pre-treated with a mean of 4 prior therapies (range: 1-11).
Safety Table 3 lists the most common grade 2 to 4 toxicities for the first cycle of therapy. In cohorts 1-3, flavopiridol was fixed at 60 mg/m 2 on day 2 and 9 and vorinostat was escalated from 400 mg to 800 mg on days 1-3 and 8-10. In cohort 2, one patient had a DLT with grade 3 mucositis. The cohort was expanded with no further DLT in six evaluable patients. Of the 4 patients treated at Cohort 3, three Part 1  1  400  D1-3 and D8-10 Q21D  60  D2 and D9 Q21D  3  2  600  D1-3 and D8-10 Q21D  60  D2 and D9 Q21D  6   3  800  D1-3 and D8-10 Q21D  60  D2 and D9 Q21D  4  Part 2  4  600  D1-3 and D8-10 Q21D  30→30  D2 and D9 Q21D  1  5  400  D1-3 and D8-10 Q21D  30→30  D2 and D9 Q21D  2  Part 3  6  400  D1-3 and D15-17 Q28D  30→30  D2 and D16 Q28D  3  7  600  D1-3 and D15-17 Q28D  30→30  D2 and D16 Q28D  6  8  800  D1-3 and D15-17 Q28D  30→30  D2 and D16 Q28D  6  9 1000 D1-3 and D15-17 Q28D 30→30 D2 and D16 Q28D 3 [27] . The first patient treated in cohort 4 with vorinostat 600 mg in combination with splitdose flavopiridol experienced dose-limiting neutropenia on day 8, preventing re-treatment on the day 1-3 / day 8-10
schedule. The dose of vorinostat therefore was reduced to 400 mg in cohort 5, but again both patients treated at this dose experienced dose-limiting neutropenia on day 8.
In an effort to identify a tolerable dose of vorinostat in combination with split-dose flavopiridol, the treatment schedule was changed in part 3 from a 21-day cycle (2 weeks of treatment followed by 1 week off) to a 28-day cycle (treatment every other week). Thus, starting in cohort 6, vorinostat was given on days 1-3 and 15-17 with splitdose flavopiridol (30 mg/m 2 over 30 min and 30 mg/m 2 over 4 h) on days 2 and 16, every 28 days. Three patients in cohort 6 completed cycle 1 with no DLT. In cohort 7, with vorinostat escalated to 600 mg, one of three patients had a DLT with grade 4 neutropenia. The cohort was expanded to include six evaluable patients with no further DLT observed. In cohort 8, at 800 mg of vorinostat, the first three patients experienced no DLT. Dose escalation continued. Of the three patients treated in cohort 9 with 1,000 mg of vorinostat, one had a DLT in the form of grade 4 neutropenia and a second patient developed neutropenic fever, renal and respiratory failure, and ultimately expired. This was considered possibly related to treatment. With two DLTs in three patients, cohort 9 was the maximum administered dose and was considered to exceed the MTD. Therefore the reduced dose of 800 mg of vorinostat was re-explored to better define the MTD. Cohort 8 was expanded with three additional patients. Only one of these patients experienced DLT with grade 4 neutropenia. Thus the MTD was determined to be vorinostat 800 mg given on days 1-3 and 15-17 with split-dose flavopiridol on days 2 and 16, every 28 days. The DLT rate for the MTD cohort was 17% (1/6). This was considered acceptable using prespecified guidelines since the upper limit of the 95% posterior interval was 40% [28] . The most common grade 3 and 4 cumulative toxicities for all patients are listed in Table 4 . The most common drugrelated effect was myelosuppression, with leukopenia seen in 44% of patients and neutropenia in 47%. Significant fatigue, often a DLT in other studies of vorinostat, was not seen. Only one patient developed grade 3 fatigue.
Responses Table 5 summarizes responses. Of 31 evaluable patients, eight had as best response stable disease for an average of 5.5 m (range: 1.6-13.2 m), including a patient with extra-medullary chondrosarcoma who was on study for 13.2 m. There were no objective responses.
Vorinostat pharmacokinetics Pharmacokinetic data are presented for patients grouped by cohort (Table 6 ) and by dose of vorinostat (Table 7) . Overall, vorinostat C max and AUC increased with vorinostat dose. Mean vorinostat C max for patients treated at the 800 mg dose was 4.8 µM (± 2.8). Mean vorinostat C max for pts treated at the 1,000 mg dose Table 8 . For each patient, vorinostat C max and AUC generally increased from cycle -1 (when vorinostat was administered alone) to cycle 1 (when administered with flavopiridol). This effect was seen with both the bolus and split-dose flavopiridol schedules. Overall, the average ratio of cycle 1 C max to cycle -1 C max was 1.27 (95% CI 1.11-1.43) and the average ratio of cycle 1 AUC to cycle -1 AUC was 1.14 (95% CI 0.98-1.30). Between cohort 8 (800 mg) and cohort 9 (1,000 mg), mean vorinostat PK levels increased substantially, although there was significant inter-patient variability.
Flavopiridol pharmacokinetics Samples to measure flavopiridol concentration were available for 20 patients. The mean flavopiridol C max was 3.92 µM (SD 2.12). There was no significant interaction with vorinostat dose or flavopiridol administration schedule. 90% of the patients tested achieved flavopiridol C max of ≥2 µM, a level shown in prior trials to be consistent with synergy with cytotoxic chemotherapy and with vorinostat [10, 22, 29] .
Discussions
This clinical trial describes the safety and pharmacokinetics of intermittent pulse-dose oral vorinostat. It is the first combination of an HDAC inhibitor, vorinostat, with a CDK inhibitor, flavopiridol, in patients with solid tumors. The MTD of oral vorinostat was determined to be 800 mg once daily for 3 days (days 1-3) with flavopiridol on day 2, every 14 days. The flavopiridol schedule is 30 mg/m 2 over 30 min followed by 30 mg/m 2 over 4 h. This split-dose schedule is considered preferable for further investigation than the bolus flavopiridol schedule given the promising results seen with split-dose flavopiridol in other studies [30] . Intermittent pulse-dose oral vorinostat has previously been reported in combination with infusional fluorouracil and leucovorin. In that phase I study, the MTD of vorinostat was 1,700 mg PO daily × 3 days, every 14 days [31] . In this study of vorinostat with flavopiridol, the dose of vorinostat could not be escalating to such high levels, likely due to overlapping toxicity of vorinostat and flavopiridol. However, both studies confirm that intermittent treatment with vorinostat at doses higher than the approved 400 mg level is tolerable.
The goal of this study was to achieve vorinostat C max >2.5 µM consistently by intermittent oral pulse dosing. Previously, high serum levels of vorinostat have been achieved with intravenous dosing. In the first phase I trial, vorinostat doses as high as 900 mg/m 2 IV daily × 3 days every 3 weeks were tolerated with no DLT, achieving C max of well over 30 µM [32] . However, oral dosing generally achieves much lower serum levels. The standard dose of 400 PO mg daily continuously can achieve C max in the 2.5 µM range but, given the large inter-patient variability, C max is significant below 2.5 µM for many patients [9] . Moreover, trials of vorinostat in combination with other agents such as carboplatin and paclitaxel or FOLFOX generally achieve average C max significantly less than 2 µM [33, 34] .
Here, vorinostat concentrations higher than previously reported with oral dosing were achieved. The mean vorinostat C max at the 600 mg, 800 mg, and 1,000 mg dose levels were 3.1, 4.8, and 12.7 µM, respectively. Vorinostat PK parameters at the 1,000 mg dose level appear disproportionately high (Table 8 ), however the number of patients treated at that level was small and the inter-patient variability was large. At the 800 mg dose level, vorinostat C max ≥2.5 µM was achieved in 86% of patients. Vorinostat levels may have been increased compared to prior studies due to drug accumulation since PK assessments were conducted on the second day of administration. However, this effect is not expected to be significant due to the drug's relatively short half-life. Vorinostat pharmacokinetics appear to have been altered by concomitant administration of flavopiridol in cycle 1 versus cycle -1. There was a trend to increased vorinostat C max and AUC when flavopiridol was given concurrently. This may simply have been due to variation in drug absorption from meal content, for example [35] . In this trial, patients were not required to be fed or fasting prior to drug administration. Alternatively, this may represent a real drug-drug interaction with flavopiridol. The mechanism is for this potential interaction is not clear. Vorinostat is metabolized by glucuronidation and β-oxidation while flavopiridol is principally metabolized by glucuronidation. Neither agent is significantly metabolized through the cytochrome P450 system. However, it does illustrate the importance of detailed PK monitoring when vorinostat is combined with other small molecules.
The principal toxicity of this combination was myelosuppression. Although myelosuppression due to vorinostat at standard doses is generally uncommon and mild, it may have been more severe in this trial due to the high serum drug levels. In contrast, significant fatigue often seen with continuous dosing of vorinostat was less often seen here.
Overall, this novel schedule may have altered the toxicity profile of vorinostat.
Flavopiridol, with its known myelosuppressive effect, likely contributed to the observed toxicity. This is supported by the observation that even higher doses of vorinostat are tolerable when administered with fluorouracil instead of flavopiridol [31] . Interestingly, although diarrhea was a major adverse effect in prior trials, especially those combining flavopiridol with irinotecan, here it was not a significant problem, and could be prevented with adequate premedication. Flavopiridol pharmacokinetics were consistent with the dose and schedule of administration and adequate blood levels were achieved.
Although no objective tumor responses were seen in this heavily pre-treated group of solid tumor patients, this combination is appropriate for further testing. Vorinostat is already an approved therapy for cutaneous T-cell lymphoma. Encouraging activity has also been reported in singleagent studies in acute myeloid leukemia, multiple myeloma, and diffuse large B-cell lymphoma [36] [37] [38] . Flavopiridol has significant activity in chronic lymphocytic leukemia [27] . The combination of the two agents thus has the potential to be highly active, and the schedule developed here may maximize dose-response benefit. Although continuous dosing vorinostat is also under investigation in combination with intermittent flavopiridol, [39] we have shown here that intermittent administration of high dose vorinostat in combination with flavopiridol is feasible. This novel combination of an HDAC inhibitor and a CDK inhibitor is a rational strategy to pursue in phase 2 trials. These results also support the strategy of combining intermittent high dose vorinostat with other anti-cancer agents where higher vorinostat levels may enhance efficacy. Error bars show standard deviations. In cycle -1, vorinostat is given alone (top). In cycle 1, the same dose of vorinostat is given with flavopiridol (bottom). As shown, co-administration of flavopiridol tends to increase the vorinostat C max and AUC, especially at higher administered doses (600-800 mg) of vorinostat
